A global three-dimensional (i.e. latitude, longitude, altitude) climatology of tropospheric ozone is derived from the ozone sounding record by trajectory mapping. Approximately 52 000 ozonesonde profiles from more than 100 stations worldwide since 1965 are used. The small number of stations results in a sparse geographical distribution. Here, forward and backward trajectory calculations are performed for each sounding to map ozone measurements to a number of other locations, and so to fill in the spatial domain. This is possible because the lifetime of ozone in the troposphere is of the order of weeks. This physically based interpolation method offers obvious advantages over typical statistical interpolation methods. The trajectory-mapped ozone values show reasonable agreement, where they overlap, to the actual soundings, and the patterns produced separately by forward and backward trajectory calculations are similar. Major regional features of the tropospheric ozone distribution are clearly evident in the global maps. An interpolation algorithm based on spherical functions is further used for smoothing and to fill in remaining data gaps. The resulting three-dimensional global tropospheric ozone climatology facilitates visualization and comparison of different years, decades, and seasons, and offers some intriguing insights into the global variation of tropospheric ozone. It will be useful for climate and air quality model initialization and validation, and as an a priori climatology for satellite data retrievals. Further division of the climatology into decadal and annual averages can provide a global view of tropospheric ozone changes, although uncertainties with regard to the performance of older sonde types, as well as more recent variations in operating procedures, need to be taken into account.
Introduction
Ozone plays a major role in the chemical and radiative balance of the troposphere. Serving as a primary precursor to the formation of OH radicals, it controls the oxidizing capacity of the lower atmosphere, and thereby the capacity of the lower atmosphere to remove other pollutants. Ozone acts as an important infrared absorber (greenhouse gas), particularly in the upper troposphere, and because of multiple scattering, it is more effective in filtering surface UV-B than its small abundance in the troposphere (about 10 % of the total column) would suggest. However, at ground level, ozone is responsible for significant damage to forests and crops, and is a principal factor in air quality, as it has adverse effects on human respiratory health (Bell et al., 2004; Lippmann, 1991; McConnell et al., 2002; Jerret et al., 2009) .
Balloon-borne ozonesondes are the major source of tropospheric ozone information at high vertical resolution (about 100 m for modern sondes). However, ozone soundings are limited in spatial and temporal coverage. Ozonesondes are normally released from ground stations at fixed locations.
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Worldwide there are less than 100 stations that have routinely launched ozonesondes. These ozonesonde stations are generally located on continents and do not provide data over the oceans. Typically these stations launch sondes once a week, or at most 2-3 times a week, and as such temporal coverage is limited as well. Satellite observations of tropospheric ozone offer better spatial coverage, but are limited by the large stratospheric ozone burden that satellite instruments must look through (e.g. Bhartia, 2002) . Recent instruments can provide some very limited vertical resolution, of about 6-10 km, in the troposphere (Worden et al., 2007a, b; X. Liu et al., 2005 .
Several authors have developed ozone climatologies based entirely or partly on ozonesonde data (e.g. Logan, 1999; Fortuin and Kelder, 1998; Lamsal et al., 2004; McPeters et al., 1997 McPeters et al., , 2007 McPeters and Labow, 2012; Tilmes et al., 2012) . A number of these have been used extensively in satellite ozone retrieval algorithms, which require an a priori estimate of the ozone profile (e.g. Bhartia, 2002) , and as initial fields for climate models. With the exception of Tilmes et al. (2012) , who considered aggregates of sonde data over a dozen large regions, all of these are zonally averaged (typically for 10 • latitude bands), and thus lack longitudinal structure. This lack of horizontal resolution is a major limitation, and is of course owing to the geographic sparseness of the ozone sounding data record.
However, as the lifetime of ozone in the troposphere is of the order of weeks, a measurement of ozone mixing ratio at one place and time also provides a good estimate of ozone mixing ratio in that same air parcel several hours or days before and after. It is therefore possible to employ a technique that has been used successfully in the stratosphere (Sutton et al., 1994; Newman and Schoeberl, 1995; Morris et al., 2000) and use forward and backward trajectory calculations for each sounding to map ozone measurements to a number of other locations, and so to fill in the spatial domain. In the troposphere, trajectories have larger errors than in the stratosphere (Stohl and Seibert, 1998) , primarily because of the importance of vertical motion, which is difficult to model accurately, but also because of turbulence in the boundary layer. Nevertheless, trajectory-based domainfilling models have been used successfully to extend ozone climatologies based on MOZAIC aircraft data (Stohl et al., 2001) , to reconstruct tropospheric water vapour fields (Pierrehumbert, 1998; Pierrehumbert and Roca, 1998; Dessler and Minschwaner, 2007) , and to analyse small-scale variations in ozone mixing ratio observed by research aircraft (Methven et al., 2003) .
This technique has recently been employed successfully with tropospheric ozone profile data from the North American IONS ozonesonde intensive campaigns . Here we employ a similar technique to the global ozonesonde data set, using the entire World Ozone and Ultraviolet Radiation Data Centre (WOUDC) record, to produce an improved three-dimensional (latitude, longitude, altitude) tropospheric ozone climatology for the globe.
Ozonesonde data
All data employed in this study were obtained from the World Ozone and Ultraviolet Radiation Data Centre (WOUDC) (http://www.woudc.org/) from 116 ozonesonde stations worldwide. Their data spans are summarized in Table 1. The number of ozonesonde profiles available from different stations ranges from one to several thousand. Most of these stations are located in North America and Europe. There are only a few stations in Japan and along the east coast of China, giving somewhat poor coverage over Asia.
Most of the profiles are from the electrochemical concentration cell (ECC)-type ozonesonde, which was introduced in the early 1970s and adopted by the majority of stations in the global network by the early 1980s. Virtually all the data in the most recent decade are from ECC sondes. The remainder are from Brewer-Mast (BM) sondes (currently still in use at one site), the Japanese KC96 sonde, and the Indian sonde. Prior to the early 1990s, three stations in Europe (Praha, Lindenberg, and Legionowo) flew the GDR sonde. The majority of the data before 1980 is from BM sondes or similar (both the GDR and Indian sondes are similar in design to the BM sonde). A small amount of data is available from carboniodine sondes (similar to the KC sondes) and from Regener sondes (which operated by the chemiluminescent reaction of ozone with luminol) from the early 1960s.
When properly prepared and handled, electrochemical concentration cell (ECC) ozonesondes have a precision of 3-5 % (1σ ) and an absolute accuracy of about 10 % in the troposphere (Smit et al., 2007; Kerr et al., 1994; Deshler et al., 2008; G. Liu et al., 2009 ). The ozone sensor response time (e −1 ) of about 25 s gives the sonde a vertical resolution of about 100 m for a typical balloon ascent rate of 4 m s −1 in the troposphere. Two types of ECC ozonesondes are in current use -the 2Z model manufactured by EnSci Corp. and the 6A model manufactured by Science Pump, with minor differences in construction and some variation in recommended concentrations of the potassium iodide-sensing solution and of its phosphate buffer. The maximum variation in tropospheric response resulting from these differences is likely of the order of 2-3 % (Smit et al., 2007) . Although in the past BM sondes have shown somewhat variable response in the troposphere depending on preparation (World Climate Research Programme, 1998; Kerr et al., 1994; Tarasick et al., 2002) , recent intercomparisons show little bias in the troposphere and a precision of about 10 % (Smit et al., 1996) . In early intercomparisons BM sondes showed negative biases of as much as 20 % (Attmannspacher and Dütsch, 1970; Hilsenrath et al., 1986) . The Japanese KC series sondes show a precision of about 5 %, but a low bias in the troposphere of about 5 % (Smit and Straeter, 2004; Fujimoto et Kerr et al., 1994; Deshler et al., 2007) . This bias appears to have been fairly consistent throughout the history of these sondes Dütsch, 1970, 1981) , but, like other sonde types, precision was poorer in the early period. In recent decades the Indian sonde has shown a precision of about 20 % (Kerr et al., 1994; Smit et al., 1996) , with little bias, but in the period previous to this, precision was poorer and the sonde showed a positive bias in intercomparisons Dütsch, 1970, 1981) . The GDR sonde showed a negative bias in the lower troposphere of about 7 % and a positive bias, also of about 7 %, in the upper troposphere in two intercomparisons Dütsch, 1970, 1981) ; however when only sondes with modest correction factors are considered, they show a much larger negative bias of about 20 % in the lower troposphere decreasing to about 5-10 % in the upper troposphere (Feister et al., 1985) . During this earlier period both the Indian and the GDR sonde show significantly larger variability in tropospheric response than other sonde types. Regener sondes were used regularly for only a brief period in the 1960s, as they showed somewhat erratic response. Tropospheric response was also quite variable, with an average bias of about −40 % (Chatfield and Harrison, 1977; Hering and Dütsch, 1965) . No attempt has been made to correct for these biases, so the maps for the 1960s and the 1970s should be regarded as biased low. Data from the 1970s (Table 1) are primarily from Brewer-Mast sondes, which also seem to have been biased low in the troposphere, particularly at Canadian and Australian stations (Tarasick et al., 2002; Lehmann, 2005) , but also probably in Europe Dütsch, 1970, 1981; Hilsenrath et al., 1986) . BM sondes show an increase in tropospheric response relative to ECC sondes between the 1970s and the early 1990s Dütsch, 1970, 1981; Kerr et al., 1994; Smit et al., 2007) . Improved preparation procedures for BM sondes (Attmannspacher and Dütsch, 1978; Claude et al., 1987; World Climate Research Programme, 1998) may have contributed to this, and there are indications that there have been some minor changes in sonde manufacture over the long period of record (World Climate Research Programme, 1998). ECC sondes have also changed since their introduction (there have been several models), and there is some evidence that they may have been biased high in the troposphere in the earlier period (Barnes et al., 1985; Hilsenrath et al., 1986) , although the reasons for this are unclear. However, ECC data comprise less than 5 % of WOUDC ozonesonde data in the pre-1980 period. BM and GDR data comprise the bulk (81 %) of WOUDC ozonesonde data in the 1970s, while in the 1980s this fraction is 56 % (and 37 % for ECC sondes). This shift, in addition to the increase in BM sonde response during the 1970s and 1980s implied by the intercomparison data, may therefore cause an apparent increase in tropospheric ozone. No attempt has been made to correct for this, but possible consequences are discussed below.
All ozonesonde data have been processed to 1 km altitude resolution. That is, ozone partial pressures are integrated and averaged for 1 km thick layers from sea level. Dividing by the average pressure in each layer gives values for average ozone mixing ratio. The altitude information for ozone is calculated using the hydrostatic relation from the pressure and temperature profiles measured by the coupled radiosonde. Ozone volume mixing ratio, which is treated as a conserved quantity following air parcel motions, can thus be calculated for each layer (altitude). The tropopause height was calculated for each profile according to the World Meteorological Organization (1992) criterion, that is, the lowest height at which the temperature lapse rate falls to 2 • C km −1 or less, provided that the average lapse rate for 2 km above this height is also not more than 2 • C km −1 . Profiles without a defined tropopause were excluded. The layer containing the tropopause, as well as those above, was not used. No other data screening was employed; although comparison with a coincident total ozone measurement ("correction factor" screening) is often used as a measure of sonde data quality (e.g. Fioletov et al., 2006) , it is not applicable to the tropospheric part of the profile, and would also reduce the number of available profiles. This was an important consideration given the relatively limited coverage of the data record. Data submitted to the WOUDC have already been processed and screened for quality by the station operator and can be expected to represent the station's best effort at accuracy. While some errors will undoubtedly escape detection, they are likely to be, at any rate, smaller than typical atmospheric variability (since they would otherwise be obvious), and therefore for the purpose of constructing this climatology, data with larger uncertainties are better than no data.
Correction factors, as the name suggests, have also been commonly used to scale sonde profiles to agree with a coincident total ozone measurement. There is evidence that this improves data quality (e.g. Kerr et al., 1994; Smit et al., 1996; Beekman et al., 1994 Beekman et al., , 1995 Fioletov et al., 2006) but also that it introduces additional uncertainty (Morris et al., 2013; Tarasick et al., 2005) . Here too, there have been variations in practice between stations and over time. As for the larger issues discussed above, no attempt has been made to correct for these differences. climatology presented here may then use the re-evaluated data. The current version uses the data as they currently are found in the WOUDC.
Trajectory mapping
For each ozonesonde profile, at 1 km height intervals (0.5 km, 1.5 km, etc.) forward and backward trajectories were calculated using version 4.9 of the HYSPLIT model Hess, 1997, 1998) , developed by the NOAA Air Resources Laboratory (NOAA ARL). The meteorological input for the trajectory model was the global NOAA-NCEP/NCAR (National Centers for Environmental Prediction/National Center for Atmospheric Research) pressure level reanalysis data set. An air parcel was assumed to be released at each 1 km altitude (above sea level) from the ozonesonde station (the releasing time, latitude, and longitude were taken from the ozonesonde launch). Four days of both backward and forward trajectories were calculated for the air parcel movement, and the original (1 km altitude resolution) ozone data were mapped to the locations calculated for every six hours along the forward and backward trajectory paths. In this way each original data value was mapped into 32 additional ozone mixing ratio values. The original and trajectory-mapped data were then binned at intervals of 5 • latitude and 5 • longitude, at each 1 km altitude, and averaged. This bin size corresponds to the typical ozone correlation length in the troposphere of about 500 km (G. . Two different altitude coordinates were employed for this binning, and so two sets of maps were produced, one whose vertical coordinate is altitude above sea level, and the other altitude above ground level. Both sets of maps are presented with and without smoothing. Figure 1 illustrates the improved spatial coverage if trajectory mapping is used. The plots shown are for ozone integrated between 0 and 1 km above the surface and for 5 to 6 km above sea level. Different ages of trajectories are indicated by different colours. Figure 1 demonstrates that the trajectory mapping greatly spreads out the ozone information along the trajectory paths, increasing the spatial domain to include most of the globe within 3-4 days. Coverage is excellent, especially above the planetary boundary layer (PBL).
The reliability of the information thus obtained depends upon the accuracy of the calculated trajectories, and also on the assumption that ozone chemistry can be neglected over a 4-day timescale. The latter assumption is generally valid, since the average lifetime of ozone is about 22 days in the troposphere (Stevenson et al., 2006) , although it varies with latitude, altitude, and season. In particular, it is less in the boundary layer and in the tropics (von Kuhlmann et al., 2003; Roelofs and Lelieveld, 1997 timescales of a few days (e.g. Mao et al., 2006; Palmer et al., 2013) , and lightning can produce ozone both directly (Minschwaner et al., 2008) and via lightning-generated NOx (e.g. Morris et al., 2010; Cooper et al., 2006) , so this assumption can be violated in certain circumstances. A number of studies have attempted to estimate, through several different methods, the accuracy of trajectories. Downey et al. (1990) estimated typical errors of 350 km for 4-day trajectories based on estimated wind errors. Stohl (1998) gave a comprehensive review of studies using balloons, material tracers, smoke plumes, and Saharan dust to evaluate trajectory errors, and quoted typical errors of 20 % of the trajectory distance, or about 100-200 km day −1 (with wide variation between studies). More recently Harris et al. (2005) evaluated trajectory model sensitivity to uncertainties in input meteorological fields and found uncertainties of 30-40 % of the horizontal trajectory distance, or 600-1000 km after four days, while Engström and Magnusson (2009) , using an ensemble analysis method, found typical errors in the Northern Hemisphere of 350-400 km after three days, and ∼ 600 km after four days.
Sub-grid-scale convective processes are also not captured by HYSPLIT trajectories, which are calculated from gridded meteorological analysis fields. Convection is generally sporadic and randomly distributed, and its neglect does not likely represent an important bias to the average horizontal profiles and trajectory-mapped fields, for several sites. "Sonde" is the ensemble of measured profiles for that site; "Traj" is the profile generated from the mapping procedure when data from that site is omitted. Error bars indicate 2σ confidence levels. The vertical coordinate is altitude from sea level (SL).
28 Fig. 4 . Comparisons between the monthly (01 = January; 07 = July) averaged measured ozonesonde profiles and trajectory-mapped fields, for several sites. "Sonde" is the ensemble of measured profiles for that site; "Traj" is the profile generated from the mapping procedure when data from that site is omitted. Error bars indicate 2-σ confidence levels. The vertical coordinate is altitude from sea level (SL). transport of ozone, except possibly in the Intertropical Convergence Zone. However, it is an important mechanism for the vertical mixing of ozone, and so acts to reduce vertical gradients; vertical gradients in this climatology might therefore be biased high, although not so much as to be evident in the validation comparisons. On a larger scale, the NCEP reanalysis apparently overestimates the convective precipitation in the tropics and in summer over Europe and North America (Stendel and Arpe, 1997) , and this is presumably reflected as a bias in the vertical motion fields.
The estimates of ∼ 100-200 km day −1 quoted above represent errors for individual trajectories in the troposphere. Errors in the final product should be much reduced by averaging of multiple trajectories, at least to the extent that single trajectory errors are random. However, in the PBL, complex dispersion and turbulence tends to render single trajectories less representative of the actual flow (Stohl and Seibert, 1998) , and several authors suggest using an ensemble of trajectories (Merrill et al., 1985; Stohl, 1998) trajectories in each pixel, as well as subsequent horizontal averaging (smoothing), will be particularly important for reducing trajectory errors. We nevertheless expect results for the lowest (0-1 km) layer to be less accurate than for higher levels. The ozone lifetime is also generally shorter near the surface, especially over the continents where dry deposition is a major loss process, affecting the validity of the assumption that chemistry can neglected. Figure 2 assesses the differences between the ozone mapping produced using only backward and only forward trajectories. If ozone chemistry (i.e. local production in polluted regions) were a significant source of error, then one would expect to see differences between these maps. However, the ozone distribution patterns are in fact very similar. Differences have been calculated for all altitude levels, months, and latitude regions. Differences are most commonly 10 % or less, and found to be less than 40 % for almost all cases. As Fig. 2c illustrates, differences also show no distinct pattern except for some clustering in areas where the trajectories are longest, and therefore least reliable. As differences between the two distributions are comparable with the uncertainties of the mean values estimates and not systematic, it is reasonable to combine forward-and backward-mapped ozone values to produce an averaged ozone map.
The choice of September for these figures and April for those previous is arbitrary. The complete climatology comprises more than 15 000 maps, and we have tried to show a variety of examples in the few figures in this paper. Figure 3 shows the number of data values and the standard error of the mean for each pixel average in a typical decadal map. The standard errors are generally of the order of a few ppbv, although where data density is low, they can be higher. Note that this is for a 10 yr average; for the 30 yr averages, corresponding errors are smaller.
A revealing test of an interpolation model is to examine how it performs in areas where no data are available. Figure 4 compares ozone profiles produced via trajectory mapping with actual measured profiles for several ozonesonde stations. For this comparison the mapping uses ozonesonde measurements from all sites except the one being compared, and combines both forward and backward trajectories. Agreement is generally quite good in the free troposphere, with some larger differences in the lowest layer and near the tropopause. The differences near the surface might be expected since, as noted earlier, trajectories are probably less accurate in the PBL and photochemical production and loss of ozone is more rapid there. In the tropopause region ozone concentrations increase rapidly (and dynamic variability is large). Note that differences are shown in absolute units (ppbv).
Similar comparisons of mapped profiles with MOZAIC (aircraft) ozone profile data also show very good agreement . Maps for the 0-1 km layer over North America show reasonable agreement with maps of mean daily 1 h maximum surface ozone from the National Air Pollution Surveillance (NAPS) network Canadawide database and the US EPA Air Quality System (AQS) database (1160 sites total), with correlation coefficients generally between 0.6 and 0.7 . Figure 1 indicates that although the 4-day trajectory mapping greatly expands the spatial coverage of the ozonesonde measurements, there are still places where no ozone measurement is available. In order to fill in these data gaps and reduce small-scale "noise", the climatological average values obtained from the mapping are fitted to a linear combination of spherical functions. Figure 5 compares the ozone maps that are obtained from the trajectory mapping directly and following interpolation and smoothing by the spherical function interpolation algorithm. For a given altitude and month, the interpolated maps resemble the original maps, retaining broad features while reducing small-scale variability. In March, at the 0-1 km altitude level (above the surface), there are four strong ozone peaks in the northern extratropics. Three of these peaks are centred on the continents, while the remaining peak is over the Pacific Ocean. A similar pattern is seen at 5.5 km (above sea level), with weaker amplitudes and without the peak over the Himalayas (as this feature in the surface map is due to the high terrain). Similar features are seen in the tropospheric ozone column (TOC) fields produced from OMI/MLS observations (Ziemke et al., 2006;  see http://acdb-ext.gsfc.nasa.gov/Data_services/cloud_slice/ gif/cl1.gif, although the TOC fields show low values over the Himalayas, the Andes, and the Rocky Mountains, since the atmospheric column is much less there due to the high terrain. Low values are of course also seen in the TOC fields calculated by vertically integrating the fields in this climatology (not shown).
The original and interpolated maps have been compared for all months and altitude levels (not shown) in order to evaluate the impact of the smoothing. Typical differences (for individual pixels) are similar to those found for the forward/backward trajectory comparisons: about 10-30 % in the tropics and in the southern mid-latitude region, and about 10-20 % in northern mid-latitudes. Figure 6 shows the smoothed ozone fields at 1.5 km altitude above the surface for each month, while Fig. 7 shows the same fields at 4.5 km above sea level. Taken together, these again reproduce (as they should) features seen in the tropospheric ozone column ( America, the summer ozone buildup over the Middle East (e.g. J. , and biomass burning in the Southern Hemisphere, are clearly visible. The ozone production hotspots of the Middle East/Asia and the southern US are the most evident features, particularly in Fig. 6 , but others -such as the continental outflow from the southeastern US, noted in satellite observations two decades ago (Fishman et al., 1990) , and the influence of biomass burning in southern Africa and Indonesia -are also clearly visible. Interestingly, comparison of Figs. 6 and 7 shows that there are strong differences in the degree to which these emissions are lofted. Those from South America are much more evident at 4.5 km (Fig. 7) over the South Atlantic, especially in October, while burning in Australia's Northern Territory is much more evident nearer the surface (Fig. 6) . Also, at 4.5 km, the global ozone hotspot is the Middle East in summer, while northern and equatorial Africa show the highest ozone values nearer the surface. Both these features have been previously reported: the former has been observed in TES data (J. , while the latter has been seen in MOZAIC data (Sauvage et al., 2005) . Figure 6 also shows the global variation in the seasonal cycle of tropospheric ozone. Ozone at 1-2 km is highest in the summer over the US, northern Africa, the Middle East, and much of Europe and southern Asia, as well as over equatorial Africa and the southern oceans. In contrast, over Canada, the northern oceans and everywhere in the Arctic and subArctic, ozone peaks in the March-April-May season, while over South America, southern Africa, and Australia the maximum occurs in the September-October-November season. This is quite consistent with recent model studies (Royal Society, 2008 ; see Box 5.2), although Fig. 6 shows little evidence of an equatorial maximum in the December-JanuaryFebruary season, as is predicted there.
Figures 8 and 9 show unsmoothed monthly maps at 4-5 and at 1-2 km for January and July for each decade since 1970. The lack of tropical data is evident in the pre-SHADOZ decades. Most notable, however, is the lack of evident change between decades after 1980. Some increase is apparent from the 1970s to the 1980s, but the patterns are remarkably similar in the following decades (although the patterns are smoother as the data density is greater). that over the area of complete sampling, average tropospheric ozone was about 1-3 % lower in the lowest 2 km of the troposphere in the 1980s and 1990s than in the 2000s, while above 2 km it was 1-4 % lower in the 1990s and 1-3 % higher in the 1980s. This quasi-global average change is generally consistent with the results of the recent detailed trend study of Oltmans et al. (2012) , but somewhat smaller than the trends found by Parrish et al. (2012) and Cooper et al. (2010) . The corresponding curve for the 1970s suggests a large increase below about 6-7 km. However, as discussed above, recent comparisons show good agreement between ECC and BM sondes (e.g. Stubi et al., 2008) , but past intercomparisons show a low bias for BM (and GDR) sondes. Such historical biases, and in combination with the migration of the global network to ECC sondes, may account at least in part for the post-1970 change. In fact, the curve for the 1970s closely resembles the corrections suggested for older BM data (Tarasick et al., 2002; Lehmann, 2005; Dütsch, 1970, 1981; Hilsenrath et al., 1986) . 
Conclusions
A spatial domain-filling technique using forward and backward trajectory calculations applied to the large sets of ozone soundings in the WOUDC has been shown to produce selfconsistent maps of the global ozone distribution for each month and altitude level in the troposphere from the 1960s to the 2000s. An interpolation method based on spherical functions is used for smoothing and to fill any remaining data gaps.
The mapped profiles agree well with sounding data excluded from the mapping, and maps produced using only backward and only forward trajectories also show good agreement (usually within 10 %, and almost always within 40 %). The resultant three-dimensional ozone fields show features that, where they have significant vertical extent, are also seen in tropospheric ozone column fields derived from OMI/MLS measurements.
The ozone climatology maps thus obtained exhibit many previously noted features of the seasonal distribution of ozone in the troposphere, while providing a wealth of detail • pixels on the global map for which there is data for all four decades. Also shown for reference are a quadratic best fit to BM response data from Tarasick et al. (2002) , the average difference between BM and ECC response from ozonesonde intercomparisons in 1970 and 1978 Dütsch, 1970, 1981) , and the average response of BM sondes with respect to a reference UV photometer on the same balloon in 1983 (Hilsenrath et al., 1986) . about its horizontal and vertical variation. This detailed global picture offers some intriguing insights, such as the global variation in the seasonal cycle of tropospheric ozone, and a global view of tropospheric ozone changes over four decades.
It is expected that this climatology will be useful to other researchers as background information for (aircraft and model) process studies and for initialization and validation of models. It will also be useful for satellite data retrievals, which often require an accurate a priori profile of the vertical distribution of ozone in order to derive accurate column ozone amounts, to compensate for the lack of sensitivity to the lower troposphere, or to constrain profile retrieval algorithms. The TOC fields, obtained by integrating the climatology to the climatological average tropopause height, may also be used for validation of TOC retrievals.
Although not discussed here, by combining months, it is possible to produce maps of annual averages with similar data coverage. This technique offers the ability to map ozone near globally with high vertical resolution in the lower troposphere. Satellite remote sensing currently cannot provide such a product. These annual averages, or the seasonally resolved decadal averages, may be particularly valuable for validation of model studies of both recent tropospheric ozone changes (e.g. Jonson et al., 2006) and longer-term changes (e.g. Young et al., 2013) .
Maps and data files are available from the authors and may also be downloaded at http://www.woudc.org.
